This section provides details about density functional theory (DFT) methods, basis sets and solvation method used to investigate the reduction free energies (RFEs) of uranyl complexes. The U-atom has been described by using a small-core effective-core potential (SC-ECP) (Stuttgart-Dresden-Dolg-SDD), which contains 60 core electrons, combined with a segmented contracted Gaussian basis set to describe the valence electrons 1,2,3 such as 5s 2 5p 6 5d 10 6s 2 6p 6 5f 3 6d 1 7s 2 . The non-metal C, O, N, S and H atoms have been described by using a 6-31G* basis set. This combination of basis sets is denoted as the B1 basis. The SC-ECP, on U and the 6-311+G** basis set on all the other atoms is collectively denoted as the B2 basis. The DFT functionals used in this study are the hybrid, B3LYP 4,5,6,7 and M06 8 functionals. The model complexes have been optimised in the gas-phase at the B3LYP/B1 level of theory and confirmed to be minima on the potential energy surface by calculations of their frequencies at the same level of theory. Single point energies were then calculated using the B2 basis with a Conductor-like Polarisable Continuum model (CPCM) 9,10 for description of bulk solvent at the B3LYP/B1 geometries. The level of theory here is referred to as the B3LYP/B2(CPCM)//B3LYP/B1 level. Moreover, the M06 functional has been used for single point energy calculations at the B3LYP/B1 geometries with the CPCM solvation model employing the B2 basis and this level of theory is referred to as the M06/B2(CPCM)//B3LYP/B1 level. In the CPCM model, the solute cavities have been described by using the United-Atom Kohn-Sham (UAKS) cavity, which has been used to predict accurate aqueous solvation free energies of a range of solutes within ~0.11 eV of experiment 11 and accurate RFEs of various actinyl complexes and redox-active mineral bound actinyl aqua complexes in aqueous solution 12, 13 . The solvents used in this study and their dielectric constants (ε) are:
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Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics. This journal is © the Owner Societies 2019  Dimethylsulfoxide (DMSO)(ε= 46.826)  Dimethylformamide (DMF) (ε= 37.219)  Dichloromethane (DCM) (ε= 8.93)  Acetonitrile (ACN) (ε=35.688)  Pyridine (Py) (ε=12.978)
The free energy and Zero-point energy (ZPE) corrections obtained from the B3LYP/B1 frequency calculations have been added to the solvation energies obtained using the B2 basis. The systems with unpaired electrons have been treated with the un-restricted formalism thorough-out this study. Spin-orbit coupling effects were not considered explicitly; however, the RFE values have been corrected with a spin-orbit coupling correction, -0.31eV, for the penta-valent uranyl(V) ion as determined by Hay et al. 14 .
All the calculations were carried out using the Gaussian 03 15 except the solvation calculations for the solvent pyridine, which were carried out with the Gaussian 09 package 16 . There are no solvent parameters available for DMF in G03; hence, the required parameters such as ε=36.71, radius of the solvent = 2.647Å, density =0.007780 and ε (infinity) =1.75 have been specified using the 'Solvent' keyword. Construction of the uranyl model complexes and visualisation of results have been carried out with the Gauss View and Molden 17 software packages.
Classical Molecular dynamics of uranyl ion in DMSO
Classical molecular dynamics (MD) simulations were carried out to find the uranyl(VI) local coordination environment of DMSO molecules in the equatorial plane.. Classical MD simulations of the uranyl(VI) ion in a solvent box of DMSO have been carried out using the AMBER 10 molecular dynamics package 18 . The [UO 2 ] 2+ parameters 19 and DMSO solvent parameters 20 were obtained from the literature and pre-equilibrated DMSO solvent box was obtained from the Bryce's online amber parameter database 21 .
A rectangular DMSO solvent box of size 20 Å was used for the simulation of the [UO 2 ] 2+ ion. The total number of DMSO molecules present was 531. Minimizations of [UO 2 ] 2+ in this DMSO box were carried out up to 9000 steps without any restraint on the uranyl ion. The systems were then heated up to 300 K using the Langevin dynamics with a collision frequency γ of 0.2 ps −1 for about 100 ps with a constant volume and a time step of 1 fs was used. Then the equilibrations of the system with a constant pressure of 1 bar for about 100 ps were performed and these were then followed by a final 1 ns production MD simulation. A non-bonded Ewald cut-off of 15 Å was used throughout these simulations. The coordinates were written to the 'mdcrd' file for every 0.1 ps and then these were used for the construction of the radial distribution function (RDF) of the U-O DMSO distances.
Scheme 1. Thermodynamic cycle used for the RFE prediction of oxidised and reduced uranyl complexes in the gas and solution phase.
The predicted RFEs of the overall reduction process in solution are then referenced with respect to standard reference electrode free energies and directly compared with the available experimental RFEs. Two methods such as direct and isodesmic reaction methods are proposed for the determination of RFEs.
Direct method
The standard hydrogen electron (SHE) is used as the reference electrode for aqueous solution.
For the non-aqueous solutions, the Fc/Fc + redox couple (eqn. 1) is widely employed as a reference electrode. The redox equation are provided below
When the two redox equations (eqn. 1 and 2) are combined together, an overall redox equation is obtained (eqn.3); the RFE of the redox reaction (eqn.3) is computed using the thermodynamic cycle as discussed earlier (see Scheme. 1).
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The following equations are used to determine the RFEs for VI/V reduction of uranyl complexes in non-aqueous solution.
where ∆G VI/V red(g) is the RFE of uranyl complexes in the gas-phase; ∆G Oxdised(s) and ∆G Reduced(s) are the solvation free energies of oxidised and reduced complexes, respectively; ∆∆G solv is the difference between the solvation free energy of reduced and oxidised complexes (∆G Reduced(s) -∆G Oxdised(s) ). The absolute RFE for the uranyl(VI) to V reduction process, ∆G VI/V red(s) was determined by using the equation (4) , then the equation (6) was utilized to obtain the RFE (∆G red ) with respect to a reference electrode; ∆G red ref.electrode is the free energy of a reference electrode. The reference electrode for non-aqueous solutions is the Fc/Fc + electrode as recommended by the International Union of Pure and Applied Chemistry (IUPAC) 22 .
∆G Reduced(s)
Isodesmic models
Isodesmic reaction method is an alternative one and used to determine the RFEs of uranyl complexes in non-aqueous solutions. An example of isodesmic reaction is given below (see eqn. 7).
In the equation 8, the ∆G red ref.complex term represents the experimental RFE of the reference complex. The selection of a reference complex for the RFE determination under isodesmic reaction scheme and its consequences are discussed later. When two or more reference complexes are considered for the RFE prediction, employing the isodesmic reaction method, only the reference complex giving small mean un-signed error (MUE) of the predicted RFEs with respect to the experimental RFE are provided.
The advantage of the isodesmic reaction method over the other methods is the cancellation of errors. Other direct methods require the computation of reference electrode potentials; this procedure often ends up giving an imprecision value for the standard reference electrode. The isodesmic reaction method has been previously used to predict the reduction potentials of transition metal complexes 23, 24 to within 0.08 eV of the experimental values. The important thing in this method is choosing a reference system which must have similar electronic and chemical properties to the other systems under consideration. If the reference system is not properly chosen, then, it may introduce systematic errors into the determination of reduction potentials. The experiments should typically have determined the reduction potentials of the reference complex and the other complexes in the same solvent and electrolyte conditions. Tables   Table S1 . Experimental uranyl(VI/V) reduction free energies (RFEs) of uranyl complexes reported in various non-aqueous solution (eV). 
